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Abstract

Tardive dyskinesia is a serious motor side effect of chronic neuroleptic therapy. The pathophysiology of this disabling and commonly
irreversible movement disorder is still obscure. It may be caused by a loss of dopaminergic cells, due to free radicals as a product of high
synaptic dopamine levels. Chronic treatment with neuroleptics leads to the development of abnormal oral movements in rats called vacuous
chewing movements. Vacuous chewing movements in rats are widely accepted as an animal model of tardive dyskinesia. Chronic haloperidol
(1 mg/kg for 21 days) treatment significantly induced vacuous chewing movements and tongue protrusions in rats, and FK506 (Tacrolimus)
{[3S-[3R*[E(15*,38*,45%)],45*,5R* ,85* 9F,12R* ,14R* ,155%,16R*,185*,198*,26aR*]]-5,6,8,11,12,13,14,15,16,17,18,19,24,25,26,26a-
hexadecahydro-5, 19-dihydroxy-3-[2-(4-hydroxy-3-methoxycyclohexyl)-1-methylethenyl]-14, 16-dimethoxy-4,10,12, 18-tetramethyl-8-(2-
propenyl)-15, 19-epoxy-3H-pyrido[2,1-c][1,4] oxaazacyclotricosine-1,7,20, 21(4H,23 H)-tetrone, monohydrate} dose dependently (0.5 and 1
mg/kg) reduced these haloperidol-induced movements. Biochemical analysis revealed that chronic haloperidol treatment significantly induced
lipid peroxidation and decreased the levels of glutathione and of the antioxidant defense enzymes, superoxide dismutase and catalase, in the
brains of rats.

Co-administration of FK506 dose dependently (0.5 and 1 mg/kg) and significantly reduced the lipid peroxidation and restored the
decreased glutathione levels induced by chronic haloperidol treatment. It also significantly reversed the haloperidol-induced decrease in brain
superoxide dismutase and catalase levels. The major findings of the present study suggest that oxidative stress-induced neuronal death might
play a significant role in neuroleptic-induced orofacial dyskinesia. In conclusion, FK506 could be a useful drug for the treatment of

neuroleptic-induced orofacial dyskinesia.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Neuroleptics are among the most widely prescribed
psychotropic drugs. They are usually indispensable in the
management of patients with psychotic symptoms and are
also useful for severe behavioral disturbances associated
with dementia. However, the conventional or typical neuro-
leptics, such as haloperidol, are associated with a wide range
of neurological side effects, the extrapyramidal side effects
being the most problematic (Parkinsonism and tardive
dyskinesia) (Raja, 1995; Sachdev et al., 1999), of which
tardive dyskinesia is among the most serious in terms of
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frequency, persistence, treatment resistance, overall impact
on the well-being of the patients and their caregivers, and
medicolegal implications (Jeste et al., 1999). Despite the
awareness that neuroleptics could cause extrapyramidal side
effects, these drugs remain the most effective means of
treating schizophrenia and for the managing behavioral
disorders in developmentally disabled individuals. In spite
of the high frequency of occurrence and known etiology of
chronic neuroleptic treatment, the pathophysiology of tar-
dive dyskinesia is still an enigma. Since the first report of
tardive dyskinesia as an adverse effect of chronic neurolep-
tic therapy (Schonecker, 1957), numerous attempts have
been made to unravel the pathological mechanism (s)
underlying the development of tardive dyskinesia, but none
have yielded promising results. Likewise, various treatments
have been tried with limited success (Kulkarni and Naidu,
2001).
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Chronic treatment with neuroleptics can cause some
neuropathological changes in the central nervous system
(Cadet and Kabhler, 1994). However, most studies have
concentrated on the biochemical or behavioral alterations
associated with chronic neuroleptic treatment. The neuro-
degeneration theory of tardive dyskinesia has gained
importance in recent years. According to the neurode-
generation hypothesis, tardive dyskinesia is the conse-
quence of neuroleptic-induced neuronal loss, particularly
in the striatum (Cadet and Lohr, 1989). Two interacting
mechanisms have been proposed for the pathogenesis of
cell damage: excitotoxicity and the production of free
radicals.

The involvement of excitotoxicity in acute neuronal
damage is well described, but the exact mechanism for the
proposed excitotoxicity in chronic neurodegeneration and
tardive dyskinesia is still unclear. Modest but sustained
elevation of extracellular glutamate levels could be involved
(Dawson et al., 1995). An intriguing possibility is that
impaired cellular energy metabolism, which is a conse-
quence of classical neuroleptic use, could be involved. It
is highly possible that different mechanisms may be respon-
sible for tardive dyskinesia, and that excitotoxicity and
oxidative stress may very well act together, since these are
closely related processes (Coyle and Puttfarcken, 1993).
Furthermore, a disruption of mitochondrial energy produc-
tion may lead to an increased production of reactive oxygen
species (Wallace, 1999). These processes are all induced by
the striatal degeneration proposed in the y-amino butyric
acid (GABA) hypothesis (Fibiger and Lloiyd, 1984).

Neuroimmunophilin ligands represent a promising new
class of agents that have the potential to address a broad area
of therapeutic need in the realm of neurological disorders.
These compounds are orally bioavailable, well tolerated and
active in a variety of neuropharmacological disease models
with once per day oral administration. Steiner et al. (1992)
and Hamilton et al. (1997) showed that GP11046 [-(3-pyr-
idyl)-1-propyl(25)-1-(3,3-dimethyl-1,2-dioxopentyl)-2-pyr-
rolidinecarboxylate] also enhances the regeneration of striatal
dopaminergic innervation in 1-methyl-4-phenyl-1, 2, 3, 6-
tetrahydropyridine (MPTP)-intoxicated and 6-hydroxydop-
amine-lesioned mice. Similar findings have been reported for
V-10,367, a nonimmunosuppressive neuroimmunophilin li-
gand (Costantini et al., 1997) and FK506 [3S-[3R*
[E(18%*,38*,45%)],45*,5R*,85% 9E,12R* , 14R*,155*,16R*,
185*,198*,26aR*]]-5,6,8,11,12,13,14,15,16,17,18,19,
24,25,26,26a-hexadecahydro-5, 19-dihydroxy-3-[2-(4-hy-
droxy-3-methoxycyclohexyl)-1-methylethenyl]-14, 16-
dimethoxy-4,10,12, 18-tetramethyl-8-(2-propenyl)-15, 19-
epoxy-3H-pyrido[2,1-c][1,4] oxaazacyclotricosine-1,7,20,
21(4H,23 H)-tetrone, monohydrate (Gold et al., 1998).

FK506 (tacrolimus), isolated from Streptomyces tsuku-
baensis, is a new FDA-approved immunosupressant with
relatively diminished side effects, notably nephrotoxicity
(Gold et al., 1995). In addition to its ability to suppress T-
cell activity, FK506 has a number of non-immune effects

including stimulation of hair growth (Yamamato et al.,
1994), liver cell regeneration (Carroll et al., 1994) and
wound healing (Francavilla et al., 1989). FK506 suppressed
the methamphetamine-induced behavioral responses in mice
(Tsukamoto et al., 2001) and showed differential effects on
the locomotor activity induced by dopamine D1 and D2/D3
receptor agonists (Sakanoue et al., 2002) via calcineurin
inhibition. Recently, Tanaka et al. (2002) reported that
chronic treatment with FK506 and its analogue GPI1046
reversed 6-hydroxydopamine-induced dopaminergic dys-
function in mice.

Recent studies (Gold et al., 1994; Lyons et al., 1994)
indicated that FK506 also influences the outgrowth of
neuronal processes. FK506 increases nerve growth factor
(NGF)-induced neurite outgrowth in PC 12 cells and pri-
mary cultures of dorsal root ganglion sensory neurons
(Lyons et al., 1994). Systemic administration of FK506
enhances the rate of axonal regeneration. To our knowledge,
this is the first agent in which systemic exposure has been
demonstrated to increase the regeneration rate. FK506 was
reported to be a powerful neuroprotective agent in focal
ischemia in animals (Sharkey and Butcher, 1994) and shows
a wide spectrum of therapeutic potential in various stroke
models including permanent, transient, and thrombotic
middle cerebral artery occlusion models in rats (Sharkey
et al., 2000).

In the present study, we investigated the effect FK506 on
neuroleptic-induced orofacial dyskinesia in rats, a potential
animal model for tardive dyskinesia.

2. Materials and methods
2.1. Animals

Male Wistar rats, bred in the Central Animal House
facility of Panjab University and weighing between 180
and 220 g, were used. The animals were housed under
standard laboratory conditions, maintained on a 12-h light
and dark cycle (lights on at 0700 h), and had free access to
food and water. Animals were acclimatized to laboratory
conditions before the test. Each animal was used only once
in the experiments. All experiments were carried out be-
tween 0900 and 1500 h. The experimental protocols were
approved by the Institutional Animal Ethics Committee and
conducted according to the Indian National Science Acad-
emy Guidelines for the use and care of experimental
animals.

2.2. Induction of orofacial dyskinesia

Haloperidol (1 mg/kg i.p.) was given chronically to rats
for a period of 21 days to induce oral dyskinesia (Naidu and
Kulkarni, 2001a,b, 2002; Naidu et al., 2002). All the
behavioral assessments were carried out 24 h after the last
dose of haloperidol.
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2.3. Behavioral assessment of orofacial dyskinesia

On the test day, rats were placed individually in a small
(30 X 20 x 30 cm) Plexiglas observation chamber for the
assessment of oral dyskinesia. Animals were allowed 10
min to get used to the observation chamber before
behavioral assessment. The number of vacuous chewing
movements and tongue protrusions was scored by an
observer with the help of hand-operated counter. In the
present study, vacuous chewing movements are referred as
single mouth openings in the vertical plane not directed
toward physical material. If tongue protrusion or vacuous
chewing movements occurred during a period of groom-
ing, they were not taken into account. Counting was
stopped whenever the rat began grooming, and restarted
when grooming stopped. Mirrors were placed under the
floor and behind the back wall of the chamber to permit
observation of oral dyskinesia when the animal faced
away from the observer. The behavioral parameters of
oral dyskinesia were measured continuously for 5 min. In
all experiments, the scorer was unaware of the treatment
given to the animals (Naidu and Kulkarni 2001a,b, 2002;
Naidu et al., 2002).

2.4. Biochemical estimations

On the 22nd day of haloperidol treatment, the animals
were killed by decapitation immediately after behavioral
assessments. The brains were removed (without cerebel-
lum), and rinsed with cold isotonic saline and weighed. A
10% (w/v) tissue homogenate was prepared in 0.1 M
phosphate buffer (pH 7.4). The post-nuclear fraction for
catalase assay was obtained by centrifugation of the ho-
mogenate at 1000 X g for 20 min, at 4 °C; for other
enzyme assays, it was centrifuged at 12,000 X g for 60
min at 4°C.

2.4.1. Lipid peroxidation assay

The quantitative measurement of lipid peroxidation in
brains was performed according to the method of Wills
(1966). The amount of malondialdehyde formed was mea-
sured by the reaction with thiobarbituric acid at 532 nm
using a Perkin-Elmer lambda 20 spectrophotometer. The
results are expressed as nmol of malondialdehyde/mg pro-
tein using the molar extinction coefficient of the chromo-
phore (1.56 x 10° M~ ' em™ ).

2.4.2. Estimation of reduced glutathione

Reduced glutathione in the brain was estimated according
to the method of Ellman (1959). A sample (0.75 ml) of
homogenate was precipitated with 0.75 ml of 4% sulfosali-
cylic acid. The samples were centrifuged at 1200 X g for 15
min at 4 °C. The assay mixture contained 0.5 ml of
supernatant and 4.5 ml of 0.01 M (in 0.1 M phosphate
buffer, pH 8.0) DTNB (5-5'-Dithio Bis-(2-Nitobenzoic ac-
id)). The yellow color developed was read immediately at

412-nm spectrophotometrically. The results are expressed as
nmol of GSH per mg protein.

2.4.3. Superoxide dismutase activity

Superoxide dismutase activity was assayed according to
the method of Kono (1978), by which the reduction of
nitrazoblue tetrazolium by hydroxylamine hydrochloride is
inhibited by superoxide dismutase and is measured at 560-nm
spectrophotometrically. Briefly, the reaction was initiated by
the addition of hydroxylamine hydrochloride to the reaction
mixture containing hydroxylamine hydrochloride and post-
nuclear fraction of brain homogenate. The results are
expressed as units/mg protein, where one unit of enzyme is
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Fig. 1. Effect of co-administration of FK506 on vacuous chewing
movements (A) and tongue protrusions (B) induced by chronic (21 days)
of haloperidol treatment. Values expressed as means + S.E.M. *P<0.05 as
compared to the vehicle-treated control group. °P<0.05 as compared to
haloperidol- or FK506 (1 mg)-treated groups. “P<0.05 as compared to
haloperidol- or FK506 (0.5 mg)-treated groups (ANOVA followed by
Tukey’s test).
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defined as the amount of enzyme inhibiting the rate of
reaction by 50%.

2.4.4. Catalase activity

Catalase activity was assayed by the method of Luck
(1971), by which the breakdown of H,O, is measured at
240 nm. Briefly, the assay mixture consisted of 3 ml of
H,0,—phosphate buffer (1.25 x 10”2 H,O, m) and 0.05
ml of supernatant of brain homogenate (10%), and the
change in absorbance was recorded at 240-nm spectropho-
tometrically. Enzyme activity was calculated using the
millimolar extinction coefficient of H,O, (0.07). The
results are expressed as pumol H,O, decomposed/min/mg
protein.

2.4.5. Protein estimation

The protein content was measured according to the
method of Lowry et al. (1951), using bovine serum albumin
as standard.

2.5. Drugs and treatment schedule

The following drugs were used in the present study.
Haloperidol (Serenace® inj., Searle India, India) was dilut-
ed with distilled water. FK506 (Archer Chemicals, Mum-
bai, India) was suspended in 0.25% carboxymethylcellulose
(CMC). Haloperidol was administered intraperitoneally in a
constant volume of 0.5 ml/100 g of body weight of rat.
FK506 was given by the per oral route in a constant
volume of 0.5 ml/100 g of body weight of rat. Animals
were divided into six groups. First group received vehicle,
the second group received haloperidol plus vehicle for
FK506, the third group received haloperidol plus FK506
0.5 mg/kg, the fourth group received haloperidol plus
FK506 1.0 mg/kg, and the fifth and sixth groups received
FK506 0.5 and 1 mg/kg alone, respectively. FK506 was
administered 10 min before haloperidol administration for a
period of 21 days and behavior was assessed 24 h after the
last dose. Drug doses were selected on the basis of previous
studies conducted in our laboratory and those reported in
the literature.

Table 1
Effect of co-administration of FK506 on the lipid peroxidation in the rat
brain induced by chronic (21 days) of haloperidol administration

Treatment (mg/kg) Lipid peroxidation

(nmol MDA/mg protein)

Vehicle 1.183 £ 0.071
Haloperidol (1) 3.613 +0.123%
FK506 (0.5) 2.412+0.106°
FK506 (1) 1.982 +0.125°

Values expressed as means + S.E.M. for six animals (ANOVA followed by
Tukey’s test).

*P<0.05 as compared to vehicle-treated group.

® P<0.05 as compared to haloperidol-treated group.
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Fig. 2. Effect of co-administration of FK506 on glutathione (GSH)
depletion induced by chronic (21 days) of haloperidol treatment. Values
expressed as % response of the vehicle-treated control group. Each value
represents the mean value for six animals. “P<0.05 as compared to the
vehicle-treated control group. ®P<0.05 as compared to haloperidol- or
FK506 (1 mg)-treated groups. °P<0.05 as compared to haloperidol- or
FK506 (0.5 mg)-treated groups (ANOVA followed by Tukey’s test).

2.6. Statistical analysis

One specific group of rats was assigned to one specific
drug treatment condition and each group comprised six rats
(n=06). All the values are expressed as means + S.E.M. The
data were analyzed by using analysis of variance (ANOVA)

followed by Tukey’s test. In all tests, the criterion for
statistical significance was P<0.05.
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Fig. 3. Effect of co-administration of FK506 on the depletion of brain levels
of the antioxidant enzyme superoxide dismutase (SOD) induced by chronic
(21 days) of haloperidol treatment. Values expressed as the % response of
the vehicle-treated control group. Each value represents the mean value for
six animals. *P<0.05 as compared to the vehicle-treated control group.
*P<0.05 as compared to haloperidol- or FK506 (1 mg)-treated groups.
°P<0.05 as compared to haloperidol- or FK506 (0.5 mg)-treated groups
(ANOVA followed by Tukey’s test).
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3. Results

3.1. Effect of FK506 on haloperidol-induced vacuous
chewing movements and tongue protrusions

Chronic haloperidol (1 mg/kg) treatment significantly
produced vacuous chewing movements and tongue protru-
sions in rats. The vehicle-treated control animals did not
exhibit such behaviors. Chronic co-administration of FK506
along with haloperidol dose dependently (0.5 and 1 mg/kg)
suppressed the haloperidol-induced vacuous chewing move-
ments (Fig. 1A) and tongue protrusions (Fig. 1B). FK506
per se did not cause any significant behavioral changes (data
not shown).

3.2. Effect of FK506 on the brain malondialdehyde level in
chronic haloperidol-treated rats

Chronic haloperidol for 21 days induced lipid peroxida-
tion, as indicated by a significant increase in brain malon-
dialdehyde levels as compared those to of vehicle-treated
rats. Co-administration of FK506 (0.5 and 1 mg/kg) along
with haloperidol significantly reversed the extent of lipid
peroxidation as compared to that in haloperidol only treated
rats (Table 1).

3.3. Effect of FK506 on the brain glutathione levels in
chronic haloperidol-treated rats

Statistical analysis of brain glutathione levels showed a
significant difference between vehicle-treated and haloper-
idol-treated rats. Co-administration of FK506 (0.5 and 1 mg/
kg) significantly reversed the haloperidol-induced (Fig. 2)
decrease in brain glutathione levels.
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Fig. 4. Effect of co-administration of FK506 on the depletion of brain levels
of the antioxidant enzyme catalase induced by chronic (21 days) of
haloperidol treatment. Values expressed as the % response of the vehicle-
treated control group. Each value represents the mean value for six animals.
2P<0.05 as compared to the vehicle-treated control group. °P<0.05 as
compared to haloperidol- or FK506 (1 mg)-treated groups. “P<0.05 as
compared to haloperidol- or FK506 (0.5 mg)-treated groups (ANOVA
followed by Tukey’s test).

3.4. Effect of FK506 on the brain antioxidant enzyme levels
in chronic haloperidol-treated rats

Chronic haloperidol-treated rats showed decreased levels
of the antioxidant enzymes superoxide dismutase and cat-
alase in brain homogenates. Co-administration of FK506
(0.5 and 1 mg/kg) significantly reversed the haloperidol-
induced decrease in brain superoxide dismutase (Fig. 3) and
catalase (Fig. 4) levels as compared to those as haloperidol-
treated rats.

4. Discussion

In the present study, chronic haloperidol-treated ani-
mals showed increased frequencies of vacuous chewing
movements and tongue protrusions as compared to vehi-
cle-treated control animals. Chronic treatment with FK506
significantly attenuated the induction of haloperidol-in-
duced vacuous chewing movements and tongue protrusion
in a dose-dependent fashion. Rats treated with FK506
alone did not show any significant behavioral changes as
compared with vehicle-treated control rats (data not
shown).

Existing evidence indicates that an excessive production
of free radicals is associated with chronic neuroleptic use
and might contribute to the onset of tardive dyskinesia and
other movement disorders, such as dystonias and Parkin-
sonism (Cadet et al., 1986). Neuroleptics act by blocking
dopamine receptors (Creese et al., 1976). This blockade
increases catecholamine turnover, which leads to excess
production of free radicals, especially in catecholamine-rich
areas such as the basal ganglia. Because of the high
oxidative metabolism in these regions, neurons are particu-
larly vulnerable to membrane lipid peroxidation and cell
death. Free radicals are highly reactive with specific cellular
components and have cytotoxic properties (Coyle and Putt-
farcken, 1993; Ravindranath and Reed, 1990), and neuronal
loss in the striatum has been reported in animals treated
chronically with neuroleptics (Nielsen and Lyon, 1978).

In the present study, chronic haloperidol-treated animals
showed decreased levels of glutathione and increased levels
of lipid peroxidation products as compared to vehicle-
treated control animals. Chronic haloperidol-treated animals
had low levels of detoxifying enzymes, such as superoxide
dismutase and catalase, as compared to vehicle-treated
control animals suggesting possible induction of free radical
generation by chronic haloperidol treatment. FK506 dose
dependently decreased the elevated level of lipid peroxida-
tion products in haloperidol-treated animals, elevated the
cellular defense mechanisms, such as glutathione, and also
induced the production of superoxide dismutase and cata-
lase, further suggesting the role of free radicals in the
pathophysiology of haloperidol-induced orofacial dyskine-
sia and the possible antioxidant action of FK506. Rats
treated with FK506 alone did not show any significant
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biochemical changes as compared with the vehicle-treated
control group (data not shown).

FK506 is reported to be a powerful neuroprotective agent
in focal ischemia in animals (Sharkey and Butcher, 1994),
showing a wide spectrum of therapeutic potential in various
stroke models including permanent, transient, and throm-
botic middle cerebral artery occlusion in rats (Sharkey et al.,
2000). FK506 has neuroprotective potential in animals. It
reduces infarct size following cerebral ischemia (Sharkey
and Butcher, 1994) with improvement in motor skills
(Sharkey et al., 1996), and increases nerve regeneration
following crush of peripheral nerve fibers and prevents
central nervous system neurons from dying following axot-
omy. Neutrite outgrowth potentiation underlies this stimu-
lating effect. FK506 is reported to protect dopaminergic and
GABAergic neurons from the effect of cerebral ischemia.
FK506 also reduces microglial activation in the substantia
nigra (Brecht et al., 2000). So far, the exact mechanism for
the neuroprotection afforded by this compound is not well
known, although various putative mechanisms have been
postulated (Sharkey et al., 2000).

FK506 activity is mediated by a family of proteins
termed FK506-binding proteins (FKBP). The 12-kDa re-
ceptor, FKBP-12 (Harding et al., 1989; Siekierka et al.,
1990), is a ubiquitous protein that has been highly con-
served throughout evolution (Sickierka et al., 1990) and
FKBP appears to be most likely involved in FK506 activity
(Sigal and Dumont, 1992). FK506 binding protein is present
in neuronal tissue (Steiner et al., 1992) and mRNA levels of
FK506 binding protein are reported to be increased follow-
ing axotomy (Lyons et al., 1995). FK506 has been shown to
inhibit the protein phosphatase calcineurin. This protein
phosphatase is found not only in T cells, where it may play
a role in immunosupression, but also in neuronal tissue.
Interestingly, the substrate of calcineurin is the growth-
associated protein, GAP-43. GAP-43 is well established as
playing an important role in nerve regeneration. FK506
increases the phosphorylation of GAP-43 and activated
GAP-43, resulting in increased nerve regeneration (Steiner
et al., 1992; Steiner and Hamilton, 1997; Gold et al., 1995).

Calcineurin inhibition appears to be a common feature in
FK506-induced neuroprotection (Sharkey et al., 2000). Cal-
cineurin has been implicated in a wide variety of physiolog-
ical and pathological processes (Morioka et al., 1999), and
there are a number of ways by which FK506 could affect
neuroprotection by inhibiting calcineurin. Calcineurin has
been shown to modulate the activity of both nitric oxide
synthase (NOS) and NMDA receptors (Lieberman and Mody,
1994), thus providing a mechanism by which calcineurin
inhibitors exert neuroprotection. FK506 has been shown to
affect NMDA-stimulated neurotransmitter release and to
inhibit glutamate-induced NOS activity in vitro (Dawson et
al., 1993; Toung et al., 1996; Steiner et al., 1996).

Calcineurin inhibition may still be a valid target for
FK506-mediated neuroprotection in the light of more recent
data implicating the involvement of calcineurin in the

apoptotic cascade by its interaction with Bcl-2 family
proteins. FK506 prevents apoptosis by inhibiting BAD
(Bcl-2 family) dephosphorylation and translocation (Wang
et al., 1999) or via Bcl-2 sensitive pathways, findings which
support this hypothesis (Shibaki and McKeon, 1995; Wol-
vetang et al., 1996).

In peripheral organs, FK506 has been shown to affect
various components of the inflammatory cascade, by inhib-
iting neutrophil infiltration (Kawano et al., 1991), reducing
free radical production by monocytes and polymorphonu-
clear (Lockhart et al., 1998), and altering cytokine expres-
sion (Losa Garcia et al., 1998). FK506 reduced lipid
peroxidation and increased striatal glutathione levels
(Tanaka et al., 2002). This has led to speculation that the
neuroprotective actions of FK506 may, at least in part, be
mediated by an attenuation of the free radical production
and inflammatory response (Jean et al., 1998).

The dose used in the present study (1 mg/kg) appears to
be insufficient to prevent the rejection of neuronal trans-
plants in the rat (Sakai et al., 1991). However, FK506
administration produced no visible adverse effects to pre-
clude continued daily administration of the drug.

The results of the present study confirm that FK506 has
an antioxidant activity. This activity appears particularly
relevant not only for the understanding of the molecular
mechanisms that underlie the action of FK506, but also
represents a valid rationale for the use of FK506 in the
prevention of neuroleptic-induced orofacial dyskinesia.
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